Rationale The C57BL/6J (C57) and DBA/2J (DBA) mice are the most common genotypes used to identify chromosomal regions and neurochemical mechanisms of interest in opioid addiction. Unfortunately, outside of the oral twobottle choice procedure, limited and sometimes controversial evidence is available for determining their relative sensitivity to the rewarding effects of morphine. Objectives The purpose of this study was to utilize classically accepted models of drug abuse liability to determine relative susceptibility to the rewarding effects of morphine. Methods The ability of morphine or amphetamine to potentiate lateral hypothalamic brain stimulation and intravenous morphine self-administration (across three doses in a fixed ratio schedule and at the highest dose in progressive ratio schedules) was investigated in both genotypes.
Introduction
Considerable evidence exists for a strong heritable component to opioid addiction (Merikangas et al. 1998b; Tsuang et al. 1996) . In fact, opiate abuse may have uniquely high heritability that is distinct from other drugs of abuse (Merikangas et al. 1998a; Tsuang et al. 1998 Tsuang et al. , 2001 ). The significant influence of heritable factors on the behavioral responses to opiates is substantiated in preclinical behavior genetics studies. The rewarding effects of opioids as measured by two-bottle preference (Alexander et al. 1996; Belknap et al. 1995) , conditioned place preference (Cunningham et al. 1992; Davis et al. 2007; Orsini et al. 2005) , and operant drug selfadministration (Ambrosio et al. 1995; Elmer et al. 1993 Elmer et al. , 1995a Elmer et al. , b, 1996b Elmer et al. , 1998 Sanchez-Cardoso et al. 2007; Suzuki et al. 1992) are significantly influenced by genotype. Thus, a large body of evidence exists to support the substantial role that individual variance in genetic makeup contributes to opioid addiction liability.
Behavior genetic comparisons across inbred strains takes advantage of the variance in genetic makeup to investigate what gene or genes influence the trait under investigation and to determine the neurochemical mechanisms underlying individual differences in the trait. Two of the most commonly investigated genotypes in behavior genetics are the C57BL/6J (C57) and DBA/2J (DBA) mice. The C57 genotype is particularly important since its genome was the first to be sequenced Okazaki et al. 2002; Waterston et al. 2002) and because it is the standard genetic background against which gene knockout studies are conducted. The DBA genotype is often used to contrast the C57 genotype in drug abuse-related phenotypes since numerous studies suggest that the C57 mice are more sensitive than the DBA mice to the rewarding properties of ethanol (Mittleman et al. 2003; Risinger et al. 1998; Yoneyama et al. 2008) , nicotine (Grabus et al. 2006; Robinson et al. 1996; Stolerman et al. 1999) , and amphetamine (Meliska et al. 1995; Orsini et al. 2004 ). Oral two-bottle choice procedures have been used extensively to characterize opioid reward sensitivity in these two genotypes (Belknap et al., 1993; Berrettini et al. 1994a, b; Ferraro et al. 2005; Horowitz et al. 1977) . As with most other drugs of abuse, consistently greater morphine consumption in the C57 mice suggests that C57 mice are more sensitive to opioid reward than DBA mice. The large difference between these genotypes was the basis for gene mapping studies utilizing C57×DBA recombinant inbred, F2, and reciprocal congenic populations. Based upon such studies, a significant portion of the genotype-dependent variance in opioid drug intake was assigned to the proximal region of chromosome 10, a region that contains the μ-opiate receptor gene (Berrettini et al. 1994a, b; Doyle et al. 2008; Ferraro et al. 2005) . Unfortunately, not all opioid reward paradigms suggest that C57 mice are more sensitive to opioid reward than DBA mice. Conflicting differences in the relative sensitivity of the two strains have been reported using morphine-induced conditioned place preference as the phenotype (Cunningham et al. 1992; Orsini et al. 2005; Semenova et al. 1995) , and one study using lateral tail vein injections in restrained mice reports greater morphine reinforcement in DBA mice than in C57 mice (Semenova et al. 1995) . Greater clarity in the relative reward sensitivity would provide increased confidence in candidate gene loci and candidate genes identified using these two genotypes.
Understanding the relative susceptibility to the rewarding effects of morphine in C57 and DBA mice is important given the prominence of these genotypes in candidate gene identification and gene mapping. The purpose of the present study was to explore the rewarding effects of lateral hypothalamic brain stimulation and the ability of morphine or amphetamine to potentiate such stimulation. We used a brain stimulation reward (BSR) paradigm that allows quantitative comparisons (Gallistel 1987; Gallistel and Freyd 1987) between mice and between drug and nondrug conditions. In addition, we explored the control of leverpressing behavior by intravenous morphine under two conditions: across three morphine doses in a fixed ratio (FR) paradigm and at the highest of these doses in a progressive ratio paradigm.
Materials and methods

Brain stimulation reward
Animals Adult male DBA/2J mice (N=10) and C57BL/6J (N=9) were used. The mice were 8-12 weeks old at the start of the experiment. All animals were experimentally naive, housed in groups of five in a temperature-controlled room (21°C) with a 12-h light-dark cycle, and given free access to Purina Laboratory Chow and tap water prior to the start of the experimental procedure. The animals were acclimated at the facility for a minimum of 1 week after arrival and then were singly housed for a minimum of 1 week before surgery. The facilities were fully accredited by the American Association for the Accreditation of Laboratory Animal Care and the studies were conducted in accordance with the Guide for Care and Use of Laboratory Animals provided by the National Institutes of Health.
Apparatus Seven mouse operant conditioning chambers were used (Coulbourn, Whitehall, PA, USA). Each operant conditioning chamber was equipped with one wheel manipulandum that consisted of two 5 cm (diameter) disks connected by 30 rungs interposed between the two disks at the outer edge (Med Associates, St. Albans, VT, USA). The edge of the wheel protruded 1.6 cm into the operant conditioning chamber and registered a response following one quarter rotation. A stimulus light was located to the side of the wheel. Med Associates stimulators were used to deliver electrical stimulation through a cable connected to an electrical swivel (Plastics One, Roanoke, VA, USA) that enabled the mouse to turn freely in the chamber. Each stimulator and stimulus light was controlled by an integrated Coulbourn environmental control system and Med Associates interface. System control and data acqui-sition and storage were accomplished using Med Associates software.
Surgery Each subject was surgically prepared with an electrode implanted in the left lateral hypothalamus. Because C57 and DBA mice differ in brain size, different stereotaxic coordinates were required to place electrodes in the same relative location (using common landmarks such as the fornix, third ventricle, ventromedial hypothalamus, and external capsule) within the lateral hypothalamus of each genotype (C57 a.p. −1.5, m.l. +1.1, d.v. −5.0; DBA a. p. −1.3, m.l. +1.1, d.v. −4.8). Surgical procedures were performed under ketamine (90 mg/kg, i.p.)-and xylazine (16 mg/kg, i.p.)-induced anesthesia. One stainless steel skull screw was installed opposite the electrode. An uninsulated wire that served as an anode was wrapped around the screw. The electrode and screw were fixed to the skull with dental cement (Den-Mat, San Mateo, CA, USA).
Training Subjects were given 1 week to recover from surgery. For training, the mice were placed in the operant conditioning chamber and allowed free access to the manipulandum (wheel). Each quarter turn of the wheel illuminated the cue light and produced a 200-ms train of stimulation (0.1-ms rectangular cathodal pulses at a rate of 100 Hz). If the mice did not turn the wheel on their own, they were given noncontingent stimulations in an effort to shape the response required to obtain electrical stimulation. During these training sessions, the current was adjusted on an individual basis to obtain maximal response rates. The criterion for an animal to be included in the study was a minimum of 12 self-stimulations per minute in consecutive sessions during the first four sessions (although once responding initiated, both strains usually responded at a much higher rate). Single daily sessions of 30 min each were conducted at the current that maintained maximal response rates for three days. In the following daily sessions, current was adjusted downward for each animal, to a level at which the animal responded at half its maximal rate. Once half-maximal responding was obtained, one more screening session was run at that current.
The mice were then introduced to a protocol where response rate was determined as a function of stimulation frequency in a series of rate-frequency "trials". Each trial consisted of ten to 15 1-min segments. The stimulation frequency for the first segment of each trial was 161 Hz; stimulation frequency was decreased by 20% for each successive segment in that trial. Each segment began with five non-contingent "priming" trains that announced the stimulation frequency for that trial, and the animal was allowed to respond for that frequency for the rest of the 1-min segment; response data were collected from the last 50 s of each segment (allowing the first 10 s of the segment for the animal to adjust to the new frequency). A trial terminated and the house light was turned off for 10 s when the animal made fewer than 12 responses in two consecutive segments; the next of nine trials per session began with illumination of the house light and priming at 161 Hz, after the 10-s time-out. The plot relating response rate as a function of stimulation frequency was determined each day. The current was systematically adjusted during this training period until half-maximal responding for each animal was produced by stimulation at approximately 115 Hz.
Effects of morphine and amphetamine on BSR Once responding in the rate-frequency paradigm became stable, the effects of morphine and amphetamine were assessed in each subject. The groups were split and the order of morphine and amphetamine testing was counterbalanced. Each mouse received only one dose per daily session. In order to acclimatize the mice to the injection regimens, s.c. saline injections were given prior to the three daily sessions (3 days) preceding morphine testing and i.p. saline injections prior to the three sessions preceding amphetamine testing. Saline or drug was administered immediately before sessions (i.p. saline or amphetamine), or 15 min prior to the sessions (s.c. saline or morphine). Doses were tested in ascending order (morphine 0, 1.0, 3.0, and 5.6 mg/ kg s.c.; amphetamine 0, 1.0, 2.0, and 4.0 mg/kg i.p.). At least three saline test sessions were conducted between drug doses. The next drug dose was not tested until the average value of the saline test sessions differed by less than 12% from the average value of the saline test sessions conducted prior to drug administration.
Histology After the completion of testing, the mice were transcardially perfused with and stored for 24 h in 4% neutral buffered paraformaldehyde. Then, the brains were transferred to 18% sucrose for 1 day and transferred to fresh 18% sucrose for an additional 2 h. The brains were then trimmed and frozen and stored at −80 C for 1 week before being cut on a cryostat. The sections were stained with cresyl violet, and the location of the electrode tip was determined under a microscope.
Statistical analysis Three main dependent measures were used: the percent of animals reaching training criterion, the number of days required to reach criterion, and the stimulation frequency required for half-maximal responding. The percent of animals in each genotype that were successfully trained was determined by dividing the number of animals that met criterion (12 responses per minute) during the initial five training days by the total number of animals that initiated training and were later determined to have correct electrode placements. The number of sessions required to self-stimulate at a rate greater than 12 responses per second was determined only in those animals that eventually met the criterion.
The frequency required to maintain response rates at half maximal levels (M50; Miliaressis et al. 1986; Carlezon and Chartoff 2007) for each mouse was determined from the rate-frequency data of the last seven trials of each session. The frequency that would sustain half-maximal responding was estimated as follows: The response rates for each stimulation frequency were graphed against frequency step (the 20% steps being equal log-units). The linear regression line of best fit for the rate-frequency data from those stimulation frequencies sustaining response rates between 20% and 80% of the highest response rate for that session was determined using KaleidaGraph (Reading, PA, USA). The frequency that maintained a response halfway between zero and maximum, defined as the M50, was calculated using the linear regression equation of the line of best fit.
Statistical analysis of genotype-dependent differences in baseline sensitivity to lateral hypothalamic stimulation was performed on the data collected during training. Determination of statistical differences between individually derived M50 values for the two genotypes was determined by one-way analysis of variance (ANOVA).
Statistical analysis of genotype-dependent differences in sensitivity to morphine and amphetamine was performed separately for each drug. The change in M50 from the preceding two baseline sessions was used to determine the effects of each drug administration on brain stimulation reward. A two-way repeated-measures ANOVA (genotype×drug dose) was used to determine the effects of morphine or amphetamine on lateral hypothalamic brain stimulation reward. The effects of morphine and amphetamine on M50 within genotype were assessed using a oneway repeated-measures ANOVA for each drug. Dunnett's test was conducted to determine which, if any, dose produced a significant change in M50 (Dunnett et al. 2001) . All statistics were done using JMP software (Cary, NC, USA).
Intravenous drug self-administration
Animals Adult male DBA/2J (N=16) and C57BL/6J (N= 17) mice were used. The mice were 8-12 weeks old at the start of the experiment and were procured and housed as described for the previous experiment.
Procedure First, the mice were trained on a modified progressive ratio schedule for water reinforcement. The modified progressive ratio was used to assess the range of lever-pressing rates that could be expected from the C57 and the DBA strains. Second, some of the water-trained mice (DBA n=8; C57 n=9) were surgically implanted with i.v. catheters and then allowed to respond on an FR4 schedule of reinforcement for 1.0, 0.3, 0.1, and then 0 mg/kg morphine. Data from these tests were used to determine if morphine would maintain responding in a dose-dependent manner. The remaining water-trained mice (DBA/2J n=8; C57 n=8) were surgically implanted with i.v. catheters and then placed on a fixed ratio 4 schedule of morphine reinforcement for 5 days then a progressive ratio schedule of morphine reinforcement for an additional 5 days. Mice were randomly assigned to each schedule.
Apparatus Ten mouse operant chambers were used. Each chamber was equipped with one lever, a solenoid valve for liquid delivery, and a 22-ga liquid swivel. The lever was a balanced rocker arm that broke an infrared photo beam when 0.5 g of force was applied. Two stimulus lights were used; one was positioned to illuminate the translucent lever, and the other was positioned above the liquid spout. The lever light was illuminated during periods of water or drug availability; the second light was illuminated during water or drug delivery. During water training, lever pressing resulted in delivery of a drop (approximately 5μl) of water after completion of each fixed ratio component. During drug testing, a Harvard 22 syringe pump was used to deliver vehicle or drug. The syringe pump and stimulus lights were controlled by an integrated Coulbourn (Whitehall, PA, USA) environmental control system and Med Associates interface (St. Albans, VT, USA). System control and data acquisition and storage were accomplished using Med Associates software.
Water training Naive subjects were water deprived for 24 h then placed in the operant chamber. Completion of the response requirements illuminated stimulus lights above a spout and delivered a small amount of water via a solenoid valve system. Initially, the response requirement was one lever press (FR1); after completion of each 50 reinforcements, the fixed ratio requirement was increased by one (FRX+1). Subjects were trained 24 h/day for 4 days with free access to food.
Surgery Following completion of the water training, subjects were surgically prepared with a catheter implanted in the jugular vein. Surgical procedures were performed under ketamine (90 mg/kg, i.p.)-and xylazine (16 mg/kg, i.p.)-induced anesthesia. Silastic tubing (0.012″ i.d.) was implanted in the right jugular vein approximately to the level of the atrium. The catheter was passed subcutaneously and exited in the midscapular region. The catheter was connected to a tether/swivel system that was mounted to the skull of the mouse with dental cement. Subjects recovered full movement, eating, and drinking habits within 3-5 days following surgery. Catheter patency was checked at the end of the experimental protocols via acute dosing with pentobarbital. Only those animals with patent catheters were included in the analysis.
Morphine self-administration behavior: fixed ratio 4 dose-effect curve Following surgery, subjects (n=8 and n=9 and for the C57 and DBA, respectively) were placed in the operant chamber (for 7 day recover period) and then given access to 1.0, 0.3, 0.1, and 0 mg/kg morphine per injection for 5, 3, 3, and 8 days, respectively. Each animal was run on an FR4 schedule of reinforcement. Completion of each FR resulted in the illumination of the overhead house light and stimulus lights above the spout. Injections of 5-8μl (based upon body weight) were given over a period of 15 s. A 30-s time-out period, during which house and stimulus lights were out, followed the completion of each injection. Each subject had access to morphine 23 h/day and free access to food and water 24 h/day. A 12-h light/dark cycle was maintained (on 0700 hours, off 1900 hours). Each animal remained in its operant chamber for the duration of the experiment. A stimulus light illuminating the lever signaled morphine availability. The number of sessions conducted at each dose was based upon preliminary data in a number of mouse genotypes (including C57) that demonstrated sufficient exposure to pharmacologically relevant properties of morphine and adequate time for the initially variable interinjection intervals to stabilize during access to the first dose (1.0 mg/kg/injection), while three days at each subsequent dose was sufficient to observe a change in response rate following a change in dose, and finally, 8 days was chosen for the vehicle substitution period in order to observe reduced response rates following vehicle substitution.
Morphine self-administration behavior: progressive ratio performance In the second group of mice (n=8 each for the C57 and DBA), subjects were placed in the operant chamber following surgery (7 days) and given access to 1.0 mg/kg morphine per injection for 5 days on an FR4 schedule of reinforcement. These subjects were then placed on a progressive ratio schedule for 5 days. The 5-day period at each condition was chosen based upon the less than 8% change in the last 2 days of access to 1.0 mg/kg/injection in the dose-effect determination and previous studies that demonstrate this period is sufficient time for behavior to stabilize at this dose (Elmer et al. 1996a (Elmer et al. , 2002 Sora et al. 2001 ). In the progressive ratio schedule, completion of each ratio resulted in an increase in the ratio requirement to obtain the next reinforcement. The sequential ratio requirements were used previously in our laboratory in knockout and transgenic mice (Elmer et al. 1996a (Elmer et al. , 2002 Sora et al. 2001) and were as follows: PR (1, 3, 5, 7, 9, 12, 15, 18, 23, 28, 33, 41, 49, 57, 70, 83, 96, 117, 138, 156, 200, 225, 275, 300, 325, 350, 375, 425, 475, 525, 600) . All subjects were run 12 h/day (2000-0800 hours) with free access to food and water. The break point was defined as the terminal ratio obtained at the end of each 12 h session. A 12-h light-dark cycle was maintained (on 0700 hours, off 1900 hours). Animals remained in the operant chamber between tests for the duration of the experiment. A stimulus light illuminating the lever signaled morphine availability.
Statistical analysis A two-way repeated-measures ANOVA (genotype×dose) using each subjects average drug intake and average number of lever presses obtained during the last 3 days at each dose as dependent variables was used to determine genetic differences in the dose-effect function. Univariate post hoc ANOVA analysis was conducted at each dose to determine which doses differed between genotypes. A one-way ANOVA with Dunnett's test (Dunnett et al. 2001) was conducted within each genotype to determine which doses differed from the vehicle control. Genetic differences in progressive ratio performance were analyzed using a twoway repeated-measures ANOVA with each subject's average number of lever presses and average number of reinforcements obtained during the last 3 days under the FR4 and progressive ratio schedules as the dependent variables.
Results
Brain stimulation reward
Data are reported for only those animals with electrode tips located in the lateral hypothalamic portion of the medial forebrain bundle (Fig. 1) . Analysis of the final electrode location was based upon the location of the electrode tip for both genotypes using the Franklin and Paxinos (2008) atlas as the common reference using common landmarks such as the fornix, third ventricle, ventromedial hypothalamus, and external capsule of each genotype. In the C57 mice, electrodes were surgically implanted in 10 mice; 9 subjects completed the experiment and had correct electrode placements. One subject was eliminated due to an incorrect electrode placement. In the DBA mice, electrodes were surgically implanted in 15 mice; ten subjects completed the experiment and had correct electrode placements. Five subjects were eliminated due to incorrect electrode placements. There were more missed placements in the DBA group due to the need to adjust stereotaxic coordinates.
Training All of the C57 mice learned to manually turn the manipulandum when each quarter turn was rewarded with a 200-ms train of 100-Hz lateral hypothalamic electrical stimulation. However, four of the ten DBA mice did not learn to turn the wheel for electrical stimulation, as defined by the criteria (minimum 12 responses per minute), during the first four sessions. The DBA mice were not insensitive to the stimulation since they would quickly orient to and approach the stimulus lights and often contacted the stimulus lights with their nose and mouth during experimenter delivered electrical stimulation. The six DBA mice that learned the response took on average 2.2 (±0.7) sessions to reliably self-stimulate (minimum of 12 responses per minute), whereas all the C57 mice reached criterion the end of the first session (Table 1) .
Once the animals were seen to respond reliably, they were shifted to the rate-frequency protocol. The stimulation current was adjusted for each mouse in order to position the rate-frequency curve at an M50 value of approximately 115 Hz. One DBA mouse was dropped from the analysis due to the inability to shift its M50 value lower than 145 Hz. The stimulation current required to produce M50 values was 68.0μA (±7.9 SEM) for C57 mice and 86.8μA (±10.6 SEM) for DBA animals; these values do not differ significantly between genotypes (p=0.18; ns). At these current intensities, the average M50 value for C57 mice was 106.0 Hz (±4.25 SEM) and 117.6 Hz (±5.7 SEM) for the DBA mice; these values do not differ significantly between genotypes (p=0.13; ns).
Effects of morphine on BSR Morphine potentiated the rewarding effects of the stimulation in C57BL/6J. Morphine shifted the rate-frequency functions to the left (Fig. 2) and decreased M50 values (Fig. 3) . In contrast, morphine antagonized the rewarding stimulation in the DBA/2J animals. In DBA mice, morphine shifted ratefrequency functions to the right (Fig. 2) and increased M50 values (Fig. 3) . The potentiation of brain stimulation reward in C57 mice and the antagonism in DBA mice were directly related to the dose of morphine ( Fig. 3 ; C57: F[dose]=55.4, df=3, 6, p<0.0001; DBA: F[dose]=48.7, df=3, 4, p< 0.0001). The decrease in M50 values in the C57 mice were statistically significant at the 1.0-, 3.0-, and 5.6-mg/kg dose (all p<0.001). The increase in M50 values in the DBA mice were statistically significant at the 1.0-, 3.0-, and 5.6-mg/kg doses (p<0.05, p<0.008, and p<0.001, respectively). The qualitative difference in morphine's effects across genotypes was reflected in an overall main effect of genotype (F [genotype]=17.7, df=1, 12, p<0.0001) and a significant genotype×dose interaction (F[genotype×dose]=21.1, df= 3, 10, p<0.0001; Fig. 3 ). In addition to causing a rightward shift of the rate-frequency curve, morphine depressed the maximum response rate in the DBA animals and at the highest dose completely suppressed responding.
Effects of amphetamine on BSR In contrast to morphine, amphetamine shifted the rate-frequency curves to the left (Fig. 4) and decreased M50 values (Fig. 5 ) equally in the two genotypes. There was a significant overall main effect of amphetamine dose (F[dose]=15.9, df=3, 10, p<0.0001), but there was no overall main effect of genotype and no genotype×dose interaction (Fig. 5) . The potentiation of brain stimulation reward in each genotype was directly related to the dose of amphetamine (F[C57 dose]=42.1, df=3, 6, p< 0.0001; F[DBA dose]=93.5, df=3, 2, p<0.016). Amphetamine had no effect on maximal response rate in either genotype.
Intravenous drug self-administration
Water training Each genotype was successfully trained to stable rates of lever pressing for water reinforcement (Fig. 6) , reaching stable water intake by the second day of responding and maintaining that intake despite increasing response requirements. The DBA animals were clearly capable of lever pressing at rates of at least 1,500 responses per day. This would prove to be approximately 15 times the rate of responding sustained under morphine reinforcement. Surgery followed the water training period. During the course of the experiment, no animals were lost due to illness, and less than 10% of the animals were excluded due to catheter failure. Fig. 3 Morphine dose-effect function in C57 and DBA mice. Each point represents the mean of 9 and 5, C57 and DBA mice, respectively (± SEM). #, significant difference from saline control Morphine self-administration: fixed ratio 4 dose-effect curve The response rates for morphine differed significantly between genotypes (F[genotype]=10.3, df=1, 15, p< 0.006) (Fig. 7a ). Significantly higher rates were maintained in the C57 mice at the 0.1-and 0.3-mg/kg/injection doses (p<0.009, p<0.01, respectively). The response rates of the C57 mice were higher for low doses of drug than for saline (Fig. 7a ) while the response rates of the DBA mice were the same for morphine as for saline and did not vary as a function of morphine dose. Response rates varied as a function of morphine dose in the C57 mice (F[dose]=5.4, df =3, 6 p < 0.02); injections of morphine maintained significantly greater and lesser amounts of behavior than saline at the 0.1 (p<0.027)-and 1.0-mg/kg dose (p<0.045), respectively. The relatively high level of responding during saline substitution is due in part to the water training history and the high levels of responding made at the immediate prior dose. In the DBA mice there was no significant difference between lever pressing for saline and lever pressing for morphine. Morphine intake in the DBA mice was predictable from the rate of responding under saline reinforcement; the animals made the same number of responses per day regardless of morphine dose and received the amount of drug that accompanied that number of responses at each dose. Drug intake in both genotypes corresponds directly to response rate and dose. There was a significant main effect of genotype on drug intake (F[genotype]=6.9, df= 1, 15, p<0.019). Drug intake in the C57 mice was twice the drug intake in the DBA mice at the two lower morphine doses (0.1 mg/kg/injection 5.4±1.8 vs. 2.0± 0.7 mg/kg for C57 and DBA, respectively; 0.3 mg/kg/ injection 10.7±1.3 vs. 5.4±1.3 mg/kg for C57 and DBA, respectively). Average drug intake at the initial dose, 1.0 mg/kg/injection, was slightly greater in the C57 mice (15.9±1.8 vs. 13.1±2.1 mg/kg) but was not statistically different; therefore, both genotypes were exposed to equivalent pharmacologically relevant amounts of the drug at the beginning of the dose-effect assessment.
Morphine self-administration: progressive ratio performance Under progressive ratio conditions, the C57 mice increased their response rates as response demands increased whereas the DBA animals responded no more on the progressive ratio schedule than they had responded for either saline or morphine on the FR4 schedule ( Fig. 7b; F [genotype]=60.4, df=1, 14, p<0.0002; F[genotype×FR schedule]=24.8, df=1, 14, p<0.0002). Lever pressing increased significantly in the C57 mice (F[FR schedule]=9.7, df=1, 7, p<0.001), but not in the DBA mice (p>0.79, ns). The average terminal FR obtained at the end of the 12-h session was FR57 in the C57 mice and FR12 in the DBA mice. As a consequence of the increased demands placed on obtaining each injection, the number of reinforcements and drug intake decreased when the subjects were placed on the progressive ratio schedule (Fig. 7c) . However, the decrease was significantly greater in the DBA mice than in the C57 mice (F[genotype×schedule]= 5.2, df=1, 14, p<0.001). Thus, in the DBA animals, morphine failed to sustain levels of responding sufficient to maintain a constant rate of drug intake; the number of reinforcements obtained under the progressive ratio schedule dropped significantly compared to the FR4 schedule of reinforcement. Fig. 6 Lever presses made each day for water reinforcement. At the start of the water-training protocol, a single lever press resulted in liquid delivery; thereafter, completion of each 50 reinforcements resulted in an increase of the fixed ratio requirement. The FR requirement was set to the previous day's last FR on days 2, 3, and 4. Each point represents the mean (± SEM) of results from 16 DBA and 17 C57 mice Each point represents the mean of 9 and 5, C57 and DBA mice, respectively (± SEM). #, significant difference from saline control in both genotypes
Discussion
The goal of this study was to characterize the rewarding effects of morphine in the two genotypes most commonly used to map candidate gene loci associated with drug abuse, C57 and DBA. Two measures of reward were used: potentiation of rewarding brain stimulation and intravenous drug self-administration. In both measures, these genotypes differed dramatically in their response to morphine. Morphine potentiated rewarding brain stimulation in the C57 mice; however, it appears to have antagonized rewarding stimulation in the DBA mice. Consistent with these findings, intravenous morphine delivery did not serve as a positive reinforcer in DBA mice under conditions that were effective in the C57 mice. Lateral hypothalamic electrical stimulation is strongly rewarding . Previous studies in our laboratory found dopamine D2 knockout wild type (C57 background), and even subjects without dopamine D2 receptors readily learned the operant that leads to electrical stimulation of the lateral hypothalamus within one session (Elmer et al. 2005 ). An unexpected finding in the current study was that a significant number of the DBA mice, four out of ten, did not turn the wheel for lateral hypothalamic stimulation despite seemingly correct electrode placements. All four of the DBA mice that did not meet criteria never turned the wheel even though they would quickly orient to and approach the stimulus lights and often times contact the stimulus lights with their nose and mouth in the same manner as the C57 mice during experimenter delivered electrical stimulation. In addition, the DBA mice that did learn the response were significantly delayed in reaching criteria (12 responses per minute during the first four sessions) compared to the C57 mice. All of the C57 mice learned to turn the wheel and reached criteria within the first session whereas the successful DBA mice on average took longer to reach the same criteria. Previous studies in inbred or selectively bred mouse or rat strains have generally either not found or not described differences in the rate of learning an operant for brain stimulation reward (Cazala and Cardo 1977; Cazala et al. 1974; Cazala and Guenet 1979; Eiler et al. 2005 Eiler et al. , 2006 Eiler et al. , 2007 Garrigues and Cazala 1983; Ranaldi et al. 2001; Woods et al. 2003; Zacharko et al. 1990 ). The delay seen in the DBA mice is not the result of a general learning deficit since DBA mice learn to lever press (water training prior to i.v. selfadministration) and wheel turn (unpublished observation, n=7) for water delivery, and a previous study reported an increased rate of learning to nose poke for nucleus accumbens stimulation in the DBA versus C57 mice (Zacharko et al. 1987) . The delayed acquisition may reflect a low efficacy physiological stimulus (frequency and current requirements were slightly higher in the DBAs that did acquire) under the experimental conditions described in this report (including operandum, brain region, etc.) . Since there is a significant difference in the constitution of the mesolimbic and mesocortical system between these two genotypes (D'Este et al. 2007) , electrical stimulation of the medial forebrain bundle may engage the mesocorticolimbic dopamine system in a genotype-dependent manner that influences the rewarding properties of brain stimulation.
The effects of morphine on brain stimulation reward in DBA and C57 mice were dramatically different. Morphine potentiated rewarding stimulation in the C57 mice; however, it appears to have antagonized rewarding brain stimulation in the DBA mice. Direct observation of the DBA mice during the session suggests that the antagonism was not due to response-limiting effects; the mice typically obtained several stimulations during the initial trials and moved around the cage during the session but showed no interest in the wheel during the remainder of the session.
The rightward shift appears to reflect a motivational or aversive component similar to elevations in brain stimulation reward thresholds produced by dopamine D2 receptor antagonists (Benaliouad et al. 2007; Wise 1978 Wise , 2008 , dopamine D2 receptor deletion (Elmer et al. 2005) , or kappa-opioid agonists (Carlezon et al. 2006; Todtenkopf et al. 2004) . Differential sensitivity in either or both of these systems may explain the rightward shift in the DBA mice. DBA/2 mice have significantly higher basal levels of kappa-opioid receptor mRNA in the hypothalamus than C57BL/6 mice (Winkler and Spanagel 1998) and significantly higher kappa-opioid binding sites, prodynorphin mRNA, dynorphin A 1-13, and dynorphin A 1-8 peptides in the nucleus accumbens than C57 mice (Jamensky and Gianoulakis 1997) . If the previously cited differences in kappa-opioid system confer kappa agonist-like effect to morphine in DBA mice, morphine could elevate brain stimulation reward thresholds presumably by inhibiting dopamine neurons that project to the NAc (Ford et al. 2006) . Another potential mechanism to explain the qualitative differences in morphine's effects is differential constitution or agonist activity at the dopamine D2 receptor. Morphine administration in dopamine D2 receptor knockout mice results in a similar rightward shift in the ratefrequency function (Elmer et al. 2005 ). This rightward shift was hypothesized to occur as a result of depolarization block due to the combined effects of D2R autoreceptor deletion, morphine-induced disinhibition, and lateral hypothalamic stimulation (Henry et al. 1992; Rompre and Wise 1989) . However, decreased D2R function is unlikely to be responsible for the rightward shift in the present study since the DBA mice have similar D2R B max and affinity as the C57 mice (Hitzemann et al. 2003) . Nevertheless, the previously mentioned differences in mesocorticolimbic dopamine system may interact uniquely with morphine to produce rightward shifts in the DBA mice. Speculations concerning mechanism explanations should be tempered by the fact that numerous genetic and neurochemical difference exist between these genotypes at baseline and following morphine administration (Grice et al. 2007; Korostynski et al. 2007 ) and only a portion of these may be specifically associated with a particular opioid phenotype (Tapocik et al. 2009 ).
The anomalous effects of morphine in the DBA mouse were also reflected in the i.v. morphine self-administration findings; i.v. morphine delivery did not serve as a positive reinforcer in DBA mice under conditions that were effective in the C57 mice. Whereas DBA mice responded at the same low levels for i.v. saline and i.v. morphine and did not alter their rate of responding when morphine doses were altered, C57 mice responded at increased rates for the low dose of morphine and at decreased rates for the high dose of morphine. Thus, the behavior of the C57 animals was under the pharmacological control of morphine whereas the behavior of the DBA animals was not. That the DBA animals were capable of responding more for morphine than saline was clear from their level of responding for water prior to the introduction of i.v. morphine reinforcement. That they were not incapacitated by the morphine itself was clear from the fact that the same low rate of responding seen with i.v. saline was also seen with i.v. morphine. Thus, morphine served effectively as a reinforcer in C57 mice but served no more effectively than i.v. saline in DBA mice. The possibility exists that under different environmental circumstances, including a lower dose range, morphine may serve more effectively as a reinforcer in DBA mice as shown with psychomotor stimulants (Cabib et al. 2000; van der Veen et al. 2007 van der Veen et al. , 2008 . However, preliminary data in our laboratory suggest that under the same conditions, lower doses are also no more effective than saline. Overall, the brain stimulation reward and i.v. drug self-administration studies demonstrate that the effects of morphine are qualitatively different between genotypes and suggest that morphine has greater addiction liability in the C57 mouse.
In contrast to the qualitatively different effects of morphine in C57 and DBA mice, amphetamine potentiated the rewarding effects of hypothalamic brain stimulation to a remarkably similar degree in the two strains. The similarity is somewhat surprising given the significant differences in morphine potentiation of lateral hypothalamic stimulation and the previously described differences in the mesocorticolimbic dopamine system (D'Este et al. 2007 ). In addition, there are significant differences between the two genotypes in the neurochemical effects of amphetamine (Ventura et al. 2004 ). An injection of amphetamine results in greater dopamine release in C57 mice than in DBA (>2-fold) and has been suggested to occur through an impulse-dependent mechanism in the C57 mice and an impulse-independent mechanism in the DBA mice (Ventura et al. 2004) . However, it is worth noting that previous studies using drug selfadministration paradigms provide evidence to support equivalent reinforcement from stimulants (cocaine) between the DBA and C57 mice (Grahame and Cunningham 1995; Rocha et al. 1998; van der Veen et al. 2008) .
C57 and DBA mice play a prominent role in behavior genetic efforts designed to map gene loci associated with behavior and identify candidate genes involved in drug addiction. The success of the gene-mapping endeavor is equally dependent on the fidelity of the molecular and behavioral components of this research effort; false information in either component could result in spurious associations and pursuit of false candidate genes. The results of this study offer strong evidence that morphine is rewarding in the C57 genotype and not in the DBA genotype and provide a solid anchor for the behavioral phenotyping component of the gene-mapping endeavor.
